Solid-phase extraction procedures are commonly employed in many fields of analytical science for the separation or enrichment of chemical species in different kinds of samples. 1 Some advantages of solid-phase extraction over liquid-liquid extraction include easy automation, easy regeneration of the sorbent, a high preconcentration factor and the absence of large amounts of hazardous solvents. 2 In the field of atomic spectrometry, solid-phase extraction is often used for tracemetal enrichment using flow-injection analysis, due to the ease of coupling to spectroanalytical techniques, such as FAAS, ICP OES and GFAAS. [3] [4] [5] Moreover, flow solid-phase preconcentration systems also allows an increase in the sample throughput and reduce sample/reagent consumption. During the optimization of a flow-solid phase preconcentration procedure there are some experimental variables related to both the flow and the chemical conditions that may affect the performance of the system. Commonly, when a study considering the variables is carried out by the traditional univariate method, the procedure is quite time consuming and not very economical; often, the best conditions are difficult to attain. On the other hand, multivariate optimization provides a reduced number of experiments and allows an understanding of the influence of several variables as well as their interaction effects. 6 Thus, when a new analytical method is proposed and its optimization process is carried out by multivariate design, the first step in trying to obtain significant variables is accomplished by experimental screening, such as a full factorial, fractional factorial or when many variables are involved in the optimization, a Plackett-Burman type optimization is used. 7 After establishing the significant variables, more complex designs, including central composite, Doehlert design, face centered cube and others are commonly indicated. 8 In this way, recent work has shown the remarkable advantage of experimental designs based on multivariate optimization for obtaining the optimum conditions in preconcentration systems coupled to atomic spectrometry techniques, such as GFAAS, ICP OES and FAAS. 5,9,10 Due to simplicity, low cost and low power detection when compared to GFAAS and ICP OES, FAAS has been the technique most often employed for this purpose. 11,12 Indeed, preconcentration systems coupled to FAAS are powerful approaches for trace-metal enrichment. Recently, a new approach to the atomic-spectrometry technique, namely thermospray flame furnace atomic absorption spectrometry (TS-FF-AAS), 13 has shown itself to be an outstanding analytical technique for coupling to a flowpreconcentration system, thus making it possible to obtain simple, cost effective and sensitive methods for the determinations of metals at the µg/dm 3 levels. Because it is a very recent technique, the application of TS-FF-AAS for metal determination in real samples has been reported in only a few The present paper describes the on-line coupling of a flow-injection system to a new technique, thermospray flame furnace-AAS (TS-FF-AAS), for the preconcentration and determination of copper in water samples. Copper was preconcentrated onto polyurethane foam (PUF) complexed with ammonium O,O-diethyldithiophosphate (DDTP), while elution was performed using 80% (v/v) ethanol. An experimental design for optimizing the copper preconcentration system was established using a full factorial (2 4 ) design without replicates for screening and a Doehlert design for optimization, studying four variables: sample pH, ammonium O,O-diethyldithiophosphate (DDTP) concentration, presence of a coil and the sampling flow rate. The results obtained from the full factorial and based on a Pareto chart indicate that only the pH and the DDTP concentration, as well as their interaction, exert influence on the system within a 95% confidence level. The proposed method provided a preconcentration factor of 65 fold, thus notably improving the detectability of TS-FF-AAS. The detection limit was 0.22 µg/dm 3 and the precision, expressed as the relative standard deviation (RSD) for eight independent determinations, was 2.7 and 1.1 for copper solutions containing 5 and 30 µg/dm 3 , respectively. The procedure was successfully applied for copper determination in water samples.
Introduction
Solid-phase extraction procedures are commonly employed in many fields of analytical science for the separation or enrichment of chemical species in different kinds of samples. 1 Some advantages of solid-phase extraction over liquid-liquid extraction include easy automation, easy regeneration of the sorbent, a high preconcentration factor and the absence of large amounts of hazardous solvents. 2 In the field of atomic spectrometry, solid-phase extraction is often used for tracemetal enrichment using flow-injection analysis, due to the ease of coupling to spectroanalytical techniques, such as FAAS, ICP OES and GFAAS. [3] [4] [5] Moreover, flow solid-phase preconcentration systems also allows an increase in the sample throughput and reduce sample/reagent consumption. During the optimization of a flow-solid phase preconcentration procedure there are some experimental variables related to both the flow and the chemical conditions that may affect the performance of the system. Commonly, when a study considering the variables is carried out by the traditional univariate method, the procedure is quite time consuming and not very economical; often, the best conditions are difficult to attain. On the other hand, multivariate optimization provides a reduced number of experiments and allows an understanding of the influence of several variables as well as their interaction effects. 6 Thus, when a new analytical method is proposed and its optimization process is carried out by multivariate design, the first step in trying to obtain significant variables is accomplished by experimental screening, such as a full factorial, fractional factorial or when many variables are involved in the optimization, a Plackett-Burman type optimization is used. 7 After establishing the significant variables, more complex designs, including central composite, Doehlert design, face centered cube and others are commonly indicated. 8 In this way, recent work has shown the remarkable advantage of experimental designs based on multivariate optimization for obtaining the optimum conditions in preconcentration systems coupled to atomic spectrometry techniques, such as GFAAS, ICP OES and FAAS. 5, 9, 10 Due to simplicity, low cost and low power detection when compared to GFAAS and ICP OES, FAAS has been the technique most often employed for this purpose. 11, 12 Indeed, preconcentration systems coupled to FAAS are powerful approaches for trace-metal enrichment. Recently, a new approach to the atomic-spectrometry technique, namely thermospray flame furnace atomic absorption spectrometry (TS-FF-AAS), 13 has shown itself to be an outstanding analytical technique for coupling to a flowpreconcentration system, thus making it possible to obtain simple, cost effective and sensitive methods for the determinations of metals at the µg/dm 3 levels. Because it is a very recent technique, the application of TS-FF-AAS for metal determination in real samples has been reported in only a few papers. [14] [15] [16] Among the remarkable features of TS-FF-AAS, it is important to stress that this technique is quite promising for volatile elements. According to Davies and Berndt, 17 the main elements that showed accentuated increases in the detectability, when compared to FAAS, were Cd (113), Pb (92), Zn (45) and Sb (40). On the other hand, for other important elements, such as As, Bi, Se and Cu, the improvements in detectability were only 3.61, 25.62, 2.58, 3.33, respectively.
Hence, the development of preconcentration systems coupled to TS-FF-AAS for fairly volatile metal determination is of high importance to expand the applicability and to enhance the potentiality of TS-FF-AAS.
Accordingly, in the present paper a flow-injection system coupled to TS-FF-AAS for the preconcentration and determination of copper ions is described. A mini-column containing polyurethane foam was used as a sorbent for copper preconcentration as a complex with ammonium O,Odiethyldithiophosphate (DDTP). In order to maximize the analytical response and, consequently, the performance of the system, multivariate optimization using a full factorial design, 2 4 as well as a Doehlert design were employed. The procedure was then applied for copper determination in water samples.
Experimental

Instrumentation
All measurements were carried out using a Perkin-Elmer Model AAnalyst 300 flame atomic-absorption spectrometer equipped with a copper hollow cathode lamp operating under the following conditions: analytical wavelength of 324.7 nm and sect bandwidth of 0.2 nm. An air-acetylene flame operated with flow rates of 9.0 and 3.0 dm 3 /min respectively was used. The thermospray system, composed of a nickel tube, a ceramic capillary and a home-made holder, was used to keep the nickel tube above the burner head, as described in a previous paper. 18 All solutions were pumped using an Ismatec Model IPC peristaltic pump, with Tygon tubes. The preconcentration/elution steps were carried out using a homemade injector commutator of acrylic. For pH measurements, a Digimed DM 20 (Santo Amaro, Brazil) pH meter was used.
Reagents and materials
Solutions were prepared in deionized water obtained from a Milli-Q purification system (Molsheim, France), and all chemicals were of analytical grade. A 1.0 mg/dm 3 copper stock solution (Mallinckrodt Baker, Paris, France) was used for preparing the reference solutions by stepwise dilution. The ethanol used as an eluent was acquired from Mallinckrodt Baker, and the ammonium O,O-diethyldithiophosphate (DDTP) (95% purity) was obtained from Aldrich (Milwaukee, USA). Commercial open-cell polyether-type polyurethane foam (PUF) was supplied by ATOL (Salvador, Brazil). Before use, it was submitted to a pretreatment to prevent metal contamination, as previously described. 19 Figure 1 shows a diagram of the flow preconcentration system. The system was operated on a time-based mode, in which the sample solution at pH 3.65, pumped at 7.0 cm After the preconcentration step, an elution step was performed by switching the injector commutator, thus releasing the Cu-DDTP adsorbed onto the PUF in the opposite direction from the preconcentration step using a stream of 80% (v/v) ethanol solution at a flow rate of 1.0 cm 3 /min directly to the nickel tube (Fig. 1b) . The preconcentration time was ca. 170 s and the elution time was ca. 100 s. Since the sampling flow rate was 7.0 cm 3 /min, the sampling volume employed was 20 cm 3 . Analytical signals were measured as peak heights using instrument software.
Flow-injection system coupled to TS-FF-AAS for the preconcentration and determination of copper
Multivariate optimization methodology
The effect of different variables as well as their interaction on the performance of the flow preconcentration system was evaluated by using full factorial and Doehlert designs whose data were processed using the STATISTICAL package program (Version 6.0). Screening of the variables was carried out using a full 2 4 factorial design without replicates involving the following variables: sample pH, chelating (DDTP) concentration (CC), presence of a coil and sampling flow rate (SFR). In assays involving the addition of a coil (50 cm) in the system, it was inserted prior to the mini-column. The maximum and minimum levels are summarized in Table 1 . This experiment was conducted in a random order using a copper solution containing 30 µg/dm 3 . The full factorial design was used as an important first step to obtain the significant effects and interactions of the variables as well as to indicate the 1338 ANALYTICAL SCIENCES NOVEMBER 2005, VOL. 21 
Results and Discussion
Factorial design for variable screening Table 2 shows the full factorial design 2 4 and the response (peak height) obtained in each run. The evaluation of the effect of the variables on the procedure may be verified from the Pareto chart (Fig. 2) , where the bar lengths are proportional to the absolute value of the estimated effects using a confidence level of 95% (vertical line). Any effect that exceeds this vertical line is considered to be significant as regards the response. According to the Pareto chart, the sample pH, the chelating concentration (CC), and the presence of the coil were statistically significant. Moreover, the interaction pH between CC was also significant. On the other hand, the sampling flow rate (SFR) was not significant within the experimental domain investigated (3.3 to 7.0 cm 3 /min), thus indicating that a fast kinetic process was involved in the formation and adsorption of the Cu-DDTP complex onto the PUF surface. Considering that the assays were carried out without replicates, the significance of the factors can also be confirmed from the probability cumulative plot displayed in Fig. 3 . This method is commonly used for assays carried out without replicates, where the normal distribution plots are employed to study the experimental error. This method enables a fast and simple way to rapidly obtain an indication if the effects are diverging significantly from the normal distribution. When the effects present a large deviation from the normal distribution, they probably are significant and are obviously not related to experimental noise. In this sense, as indicated from plot (Fig. 3) , all points far from the linear curve on the probability plot are significant, thus corroborating the results obtained from the Pareto chart. As expected, the negative sign (-19.57) noted for the pH indicates that the complexation of copper ions with DDTP is favored in an acid medium.
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The second critical factor was the chelating concentration and the positive sign (7.60) shows that increasing its level provides an increase in the analytical signal. The final optimization of this variable is of great importance, since higher concentrations may lead to a competition between DDTP and Cu-DDTP for sites on the PUF surface. The influence of the coil in the system demonstrated an interesting behavior, since it has a negative sign (-3.91). It seems that the complexation of copper ions with the chelating DDTP is fast and, hence, does not require the inclusion of a reaction coil in the system. The decrease in the analytical response is attributed to the adsorption of the Cu-DDTP complexes onto the walls of the coil made from polytetrafluoroethylene (PTFE).
Taking into account the results achieved from the full factorial design, further experiments aiming to optimize the pH and chelating concentration were performed, setting the sampling flow rate at 7.0 cm 3 /min, in the absence of the coil.
Final optimization using the Doehlert design
The levels employed in the Doehlert design for pH and DDTP concentration optimization, as well as the responses, are summarized in Table 3 . In this Doehlert design, carried out in duplicate, five levels were used for the pH, since this variable presented a higher effect than the chelating concentration.
The best result was observed at the central point i.e., pH 4.25 and chelating concentration of 0.655% (w/v), whose significance of the quadratic model was evaluated by ANOVA (Table 4) . Using a probability level (p < 0.05) for estimating 1339 ANALYTICAL SCIENCES NOVEMBER 2005, VOL. 21 Fig. 2 Pareto chart of the main effects related to the flow preconcentration system coupled to TS-FF-AAS from a full factorial design 2 4 . The dashed line represents the 95% confidence interval. CC, Chelating concentration; SFR, sampling flow rate. the significance of effects whereby the values of probability less than 0.05 become statistically significant, it is possible to confirm that linear as well as the quadratic terms associated with the sample pH and chelating concentration (CC) are significant. Besides, according to the F-test, the ratio between the mean of squares for lack of fit (lof) and the pure error (pe) was compared to tabled values of the F-distribution. Hence, because Flof/pe (2.162) did not exceed the critical F1,7,95% value (5.590), it can be concluded that the quadratic model does not indicate the lack of fit and is considered to be satisfactory. Moreover, the high adjusted determination coefficient (R 2 = 0.99519) emphasizes that the quadratic model fits very well to the experimental results. Good agreements of the experimental analytical response with those defined by the quadratic model are given in Table 3 . The quadratic model Eq. (1) from the Doehlert design allowed us to obtain the response surface, which shows an effective way to obtain the optimum values for the variables. Absorbance = 0.10589 + 0.03149pH -0.005442pH 2 + 0.1277CC -0.106959CC 2 + 0.01063pHCC.
The optimum values were calculated according to following equations:
δAbsorbance/δCC = 0 = 0.1277 -0.2139CC + 0.01063pH. (1b) Figure 4 displays the response surface obtained from the Doehlert design for two variables. The surface presents a maximum at 3.65 and 0.77% (w/v) for the pH and the chelating concentration, respectively.
Interference studies
In order to check the influence of foreign ions on the method, 20 cm 3 of copper ion solutions (30 µg/dm 3 ) were preconcentrated in the presence of several metallic ions, which also react with DDTP. For this task, two multi-element solutions were used, containing the following ions: Cd(II) (30 or 300 µg/dm 
Analytical figures of merit
The performance of the combined flow preconcentration system to TS-FF-AAS was evaluated regarding its analytical features, compared to the TS-FF-AAS alone. Using a sample of 20 cm From these results, the preconcentration factor obtained by coupling the preconcentration step to TS-FF-AAS was found to be 65.3. It was calculated as the ratio between the slopes of the calibration graphs with and without the preconcentration step. The values obtained for the detection limit (DL) and the quantification limit (QL), calculated according to IUPAC, 21 were found to be 0.22 and 0.70 µg/dm 3 , respectively. The precision, evaluated as the relative standard deviation (RSD) for eight measurements, was 2.7 and 1.1 for copper concentrations of 5.0 and 30 µg/dm 3 , respectively. The analytical frequency of the proposed method was 13/h, considering a 20 cm 3 sampling volume. Other parameters that must be considered in a flow preconcentration system, such as the concentration efficiency (CE) and consumption index (CI), were also calculated, being, respectively, 14/min and 0.307 cm performance parameters of the combined preconcentration system to TS-FF-AAS and to other on-line sorbent preconcentration systems for the copper determination by FAAS (Table 5) , make it possible to corroborate the advantages and feasibility of this new method, mainly if one considers the achieved detection limit.
Determination of copper in water samples by TS-FF-AAS after on-line preconcentration
The method was employed for copper determination in water samples including mineral water, solutions containing high salt contents [physiological samples, NaCl 0.9% (w/v)] and tap water. In order to assess the accuracy of the method, these samples were processed with and without added copper. The results, based on the recoveries (93.7 -107.5%), demonstrate the efficiency of the method for the copper determination in water samples at the µg/dm 3 level, even for those samples containing high salt content (Table 6 ).
Conclusion
The developed method demonstrates the effectiveness of coupling a flow preconcentration system to TS-FF-AAS for copper determination, based on its high preconcentration factor of 65 fold, when compared to TS-FF-AAS alone, thus making possible a drastic decrease of the detection limit, expanding the feasibility of TS-FF-AAS. A brief comparison of the method with other flow preconcentration systems coupled to FAAS indicates the inherent advantage of the proposed method. Besides, it is important to note the simplicity of the flow system and the low cost involved, mainly due to the negligible cost of the sorbent polyurethane foam.
Finally, the application of experimental designs for optimizing the method reduced the number of experiments while allowing us attain the optimum conditions for the employed variables. 
